This paper presents a guideline to systematically design and construct a micro quadrotor unmanned aerial vehicle (UAV), capable of autonomous flight. The designed micro UAV has a gross weight of less than 40 g including power supply sufficient for an 8-min flight. The design is divided into three parts. First, investigation is made on the structural design of a conventional quadrotor. The quadrotor frame is then carefully designed to avoid any potential structural natural frequencies within the range of rotors operating speeds, based on simulation results obtained from MSC Nastran. Second, avionic system of the aircraft will be discussed in detail, mainly focusing on the design of printed circuit boards which include sensors, microprocessors and four electronic speed controllers, specially catered for micro quadrotor design. Last, a mathematical model for the micro quadrotor is derived based on Newton-Euler formalism, followed by methods of identifying the parameters. The flight test results are later described, analyzed and illustrated in this paper.
Introduction
Unmanned aerial vehicles (UAVs) are currently playing major roles not only in military tasks but also in civilian applications. Their mobile capability, which is an advantage over the ground vehicles, makes them the ideal platform for tasks such as exploration, environment monitoring, search and rescue, and security surveillance missions [32] . They are also used for delivery of payloads in complex indoor or outdoor environments. To date, researchers around the globe have developed many UAV platforms in various sizes to realize these tasks. Besides the conventional fixed-wings [14] and rotorcrafts [17, 19] , many new platforms such as flapping wings and ducted fans aircraft are introduced [2, 11, 13, 18, 24, 26, 31] . Some researchers are also motivated to design unconventional hybrid aircrafts, such as vertical takeoff and landing (VTOL) fixed-wings UAV to realize navigation in cluttered environments [9, 16, 23] .
In recent years, extensive researches have been directed to the development of micro-aerial vehicles (MAVs), which are the miniature size of UAVs. Since 1997, the Defense Advanced Research Projects Agency (DARPA) has initiated a program to develop and test MAVs for military surveillance and reconnaissance missions. In DARPA's definition, an MAV needs to fulfill the following three criteria [30] :
(1) Maximum dimension of the aircraft in any direction to be no longer than 15 cm (6 inches); (2) Gross weight should not be exceeding 100 g, with up to 20 g devoted to payload; (3) The aircraft should be able to reach an altitude of 100 m.
One can easily see that the limited dimension and weight budget pose a big problem in the onboard components choices, such as inertial measurement unit (IMU) which is essential for aircraft control and navigation, and the camera for visual monitoring purposes. Today, fortunately, with smarter electronic sensors, processors, and actuators realized in smaller and lighter packages, the implementation of such MAV is made possible. In order to realize even lighter UAV or MAV, it is, however, not sufficiently good enough if we utilize commercial products for each onboard component. Researchers from some institutions have started to develop part of their onboard system from circuit level [1] . For example, PixHawk UAV from ETH is embedded with a self-customized processor board for their onboard vision processing [20] . Research partners such as Ascending Technologies also offer customization of UAV based on requests from partner universities [21] . To fulfill the size and weight limitation on the MAV, circuit design is unavoidable. In this paper, we proposed a design of a full onboard system down to the circuit level. It includes processors, IMU and motor electronic speed controllers (ESCs), on a single piece of printed circuit board (PCB). With this proposal, the whole avionic system can be constrained within 8 g. A fully functional MAV built in accordance to this guideline is shown in Fig. 1 . Another main issue arising in miniature aircrafts is the structural vibration issue. It is, however, commonly ignored or avoided by utilizing stiffer material if a large payload budget is permitted. Bounded by the design requirements mentioned above, the MAV is constructed at the expense of structural stability. At small scale, the device is structurally fragile and thus it is more vulnerable to variety of potential structural vibration problems especially the structural resonance. In this condition, the vibration is amplified to a maximum amplitude when the forcing frequency matches the natural frequency of the structure [10] . For example, in MAVs of quadrotor platforms, slender bodies such as the arms are typically susceptible to this harmful threat. When structural vibration is present, it may lead to degraded sensor performance and even mechanical damage if it is allowed for a period of time [25] . This is more likely to occur as quadrotor frame is commonly made of composite materials which are much lighter. Therefore, the quadrotor frame needs to be carefully designed to avoid any potential structural natural frequencies within the range of its rotors operating speed. This paper is divided as follows: In Sec. 2, we are focusing on solving the structural vibration problem related to micro quadrotor UAV design. Structural analysis is performed on the proposed micro quadrotor platform, which includes several different arm shape designs. With the results obtained above, Sec. 3 details the design of the bare quadrotor hardware, including the frame design and motor selection. The implementation of the avionic system which includes most of the onboard components will be discussed in Sec. 4 . Section 5 shows the derivation of a nonlinear mathematical model of the proposed micro quadrotor, based on Newton-Euler formalism. Lastly, Sec. 6 presents the model verification results and autonomous flight control results carried out in a room equipped with Vicon motion tracking system. Overall concluding remarks will be made in the last section.
Finite Element Analysis of Platform Structure
The design of a realistic MAV requires a rigorous analysis and testing process [7] . First, a stable MAV platform is necessary to achieve efficiency and reliability in MAV operation. Before we analyze the structural behavior of MAV, it is important to examine the source of vibration in the aircraft design. Several important sources of vibration on helicopter are identified by Cai et al. [6] and Ceruti et al. [8] . Elsewhere, a comprehensive vibration analysis of the UAV helicopter is pursued by Plasencia et al. [28] . In the MAV environment, the structural components may vibrate due to mechanical and aerodynamic effects. Looking at the configuration of a quadrotor, the major contribution towards the vibration issue is attributed to the engine powered rotating rotors. Mounted on the tip of the quadrotor arms, these rotors create a periodic excitation which caused vibration. To conduct fast and reliable structure analysis, finite element analysis (FEA) via MSC Nastran is used in the present work. Using this approach, it offers great flexibility to model complex geometries which would be impossible by taking analytical approach. Discretized into finite number of elements, the stresses and displacements of parts and assemblies under internal and external loads can be calculated. In additional, natural mode analysis is conducted to determine the natural frequencies and mode shapes of the model. This leads to the prediction of resonance for the structure and the type of resonance that may occur during the MAV flight operation. On the other hand, frequency response analysis is used to determine the displacement response of the model when external steadystate oscillatory excitation (simulating rotor rotation) is applied.
Vibration frequency analysis
Although the main source of vibration has been identified, it is still a challenging task to investigate the complex interactions between structural, inertial and aerodynamic forces acting on the MAV structure. Therefore, structural analysis is pursued to analyze the structural stiffness in avoiding the resonant problem. As mentioned above, the flexible characteristics of the MAV components, especially the quadrotor arms are frequently exposed to undesired vibrations. In the design, in order to perform basic maneuvering, the micro quadrotor is required to have up to 60 g thrust as it is approximately 1.5 times its own weight. As each rotor is subjected to a uniform load, each propeller is expected to provide at least 15 g of thrust. Here, the relative gearbox vibration is neglected as the propeller is directly driven by the motor. Using the estimated rotor load, the operating range of the rotor is determined experimentally. Based on the propeller chosen in this design, rotational speed below 330 revolutions per second is found to be sufficient to provide the required thrust to perform the task. In other words, the 1st mode natural frequency of the aircraft structure must be much larger than 330 Hz to avoid resonance.
In the following subsections, natural modes of a few different frame designs for small scale quadrotor will be studied systematically by utilizing the commercial software MSC Nastran. A few possible material were simulated, such as plastic, aluminum and carbon fiber. Note that only the results from the carbon fiber simulation are shown in this paper as it exhibits the best stiffness against weight ratio among the chosen materials.
Single quadrotor arm
Conventionally, a quadrotor UAV consists of four extended arms attached to a square body which holds the onboard system including sensors, processors and receiver. As the load is shared uniformly on each rotor, the structural analysis on single quadrotor arm can provide a good insight before we analyze the full quadrotor configuration. There are many factors that influence the stiffness of the quadrotor arm, i.e., material, geometric parameter and shape. Under the constraint of weight and size, it is best to analyze a few different types of beam structure.
In this analysis, five types of different cantilever beam are designed and analyzed. The cross sections for each of the beams are shown in Fig. 2 . In the simulation, a single quadrotor arm is treated as a cantilever beam which has a fixed end and a free end. A few different parameters on the dimension of the beams will be varied, and the corresponding natural mode (1 to 4) will be compared. Note that the composite material for all beams to be simulated has the properties of carbon fiber codename carbon/epoxy T300/ 976 as shown in Table 1 . 
Length of arm
It is well known that slender bodies are more easily exposed to vibration, or in other words, shorter beams are stiffer. To verify the relationship between the length of the beam and its natural mode, rectangular beams (first cross section in Fig. 2 ) with different lengths are analyzed in the simulation. For this analysis, the discrete element employed has six degrees of freedom per node and all nodes at one of the tip are assumed to be fixed by setting all six degrees of freedom to zero. In Table 2 , a summary of the Nastran natural mode analysis results obtained for this study is given.
Based on the simulation results, it is evident that natural frequencies for all first four modes increased when the structure is shorter. In general, beams of other shapes show similar behavior and thus the results are trivial and not to be included in this paper. Intuitively, the quadrotor arms are structurally more stable and resonance at low frequencies can be avoided if it is shorter. Given the restriction on the minimum length between rotor and mass center, an optimum length of quadrotor arm is desired. This is to ensure the aerodynamic interferences between the rotors could be minimized. Therefore, a minimum length of the quadrotor arms is prescribed to be twice of the rotor radius.
Thickness of beam
Two common thicknesses of commercially available carbon fiber sheets or beams are 0.5 and 1 mm. Since the primary concern in building an MAV quadrotor is the weight limit, the natural mode of all five general shapes of beams are analyzed and compared. Here, the model for each cross section was constructed with length l ¼ 60 mm, width w ¼ 6 mm and height h ¼ 6 mm (see Fig. 2 for illustration) . Following the similar procedure for the normal mode analysis, only the first two natural modes for each model are tabulated. Table 3 shows the results for beam with thickness t ¼ 1 mm, while Table 4 shows the results for beam with thickness t ¼ 0:5 mm, together with their calculated weight.
As one can observe from Fig. 3 , the first and second mode shapes for rectangular beam are associated with vertical bending. In this condition, the vibration amplitude is maximized at the tip of the arm. Moreover, the natural frequencies for rectangular beam structure simulated are relatively low, thereby prohibiting the usability of the rectangular beam. As we examine Tables 3 and 4 , beams with closed shape configurations (rectangular hollow and circular hollow) yield the highest natural frequencies amongst all, well within the maximum operating requirement. Comparing the results between 0.5 mm thickness beams to their counterpart of 1 mm thickness, the natural frequencies are not significantly affected although the weight is half of the latter one. This is validated experimentally, provided the thickness is not sufficiently thin.
In addition, although the N-shape and T-shape configurations give better weight budgets, their natural frequencies are comparatively much lower than that of rectangular hollow and circular hollow shapes, which are in the closed cross section forms. Table 5 that the height variation of the rectangular hollow beam affects the horizontal bending mode more severely than the vertical one. On the other hand, the effect of width variation of the beam is vice versa. When a square beam with equal height and width is used, it will give similar frequencies for 1st and 2nd mode. This is further proven in Table 6 where the circular hollow beams were analyzed.
Full quadrotor configuration
Due to structure stability shown by closed shape beams, the full configuration is then tested using rectangular hollow beam and circular hollow beam to form the arms attached to each corner of the main frame. The main frame is designed to be 28:28 Â 28:28 mm with thickness 2 mm. For simulation purpose, the main frame is made of aluminum with modulus of elasticity 70 GPa and Poissons ratio 0.3 with density 2700 kg/m 3 . Meanwhile, 60 mm long beam is employed as the quadrotor arm. Again, unidirectional carbon/epoxy T300/976 is used. The main frame is modeled as 2D shell element while the quadrotor arm using 1D beam, as shown in Fig. 4 .
For this analysis, the main frame is assumed to be rigid and thus, fixed in all three translation degrees of freedom. For a quadrotor model with 3 mm width, 3 mm height and 1 mm thickness rectangular hollow beam, the resulted natural frequencies for 1st and 2nd mode are 971.92 and 5843.3 Hz. On the other hand, the natural frequencies for quadrotor model using circular hollow beam with outer diameter of 3 mm and thickness of 1 mm are at 940.35 Hz for first mode and 5070.7 Hz for second mode.
Subsequently, dynamic analysis is performed to investigate the response of the quadrotor to oscillatory excitation produced by the propeller blades. To simulate 50 g of thrust from the propellers, 0.1225 N force is applied on each arm of the quadrotor. The analysis is performed over frequency The results show the displacement amplitude at the tip of the quadrotor arm. From the response spectrum, the frequency at peak for both quadrotor models matched the first natural mode simulated earlier. Based on the simulation result, both models are suitable for miniature quadrotor design as the working frequency (330 Hz) is far from the natural frequency (971.92 Hz for quadrotor with rectangular hollow beam and 940.35 Hz for quadrotor with circular hollow beam) of the first mode. Therefore, using closed shape beam as the quadrotor arm can guarantee extreme stability for the whole quadrotor model.
Quadrotor Body Design
The previous section has illustrated the structural analysis for several beam candidates. It is noted that closed shape beams yield higher natural frequencies, thus outperforming the others. Oscillatory steady-state excitation representing the force induced by propeller is experimentally determined along with its working frequency. The external force is then applied on the tip of each quadrotor arm for frequency response analysis. The results show quadrotor models with either rectangular hollow or circular hollow cross section give significantly low displacement amplitude. Also, the natural frequency for both model are above 940 Hz which is far away from the working frequency of the proposed micro quadrotor. Therefore, rectangular hollow or circular hollow beams are the most suitable structures to form the quadrotor arms. In fact, they are widely available.
In this section, the quadrotor basic body design is proposed. It includes the following parts:
(1) A plastic body which holds the avionic system, power supply, and four extended arms; (2) Four plastic holders for motors; and (3) Four sets of suitable motor and propeller which provide sufficient lifting thrust for the quadrotor.
The following subsections detail the design of the mentioned frame and the selection of the motor and propeller.
Quadrotor frame
According to the results from the beam analysis, four carbon fiber tubes with the dimension of 60 Â 3 Â 3 mm are utilized to connect four motors to the base frame. The base frame is designed with the aid of a 3D mechanical design software named SolidWorks. SolidWorks develops efficient and quicker designs of mechanical products and components, facilitating the design tasks for the platform. This 3D software is chosen as the design and analyzing software over other mechanical design tools for the following advantages:
(1) In-built intelligence design tools increase design efficiency and minimize design error; (2) Better visualization of the design with intuitive interaction with the 3D model; (3) Easy one click creation of 2D drawing from 3D objects for fabricating and manufacturing; (4) Weights, center of gravity (CG), moment of inertia and other geometric data can be obtained directly from the evaluation functions; and (5) Vibration and resonant frequencies simulation can be conducted with aid of SolidWorks simulation software.
The base frame is designed such that it holds four carbon fiber tubes, forming a symbolical cross shape of the quadrotor. Two partitions were created to mount the avionic PCB and to hold the battery. It can be visualized in Fig. 7 .
Four light weight holders are designed to mount the electric motor at the end of each beam (see Fig. 8 ). Together with the base frame, they are fabricated with acrylonitrile butadiene styrene (ABS). The complete frame design for the micro quadrotor UAV can be visualized in Fig. 9 . 
Motor and propeller
Motor and propeller sets are the main actuators of the quadrotor MAV. As each quadrotor consists of four sets of motor and propeller, they need to be chosen carefully as their characteristics must satisfy the design requirements. A few important design requirements of the quadrotor MAV, which are directly related to the characteristics of the motor and propeller, are listed below:
(1) Operating Voltage: Different motor has different maximum input voltage, depends mainly on the size of the motor, and the torque produced by the motor. In general, smaller motor has lower operating voltage, where the torque produced by such motor is also relatively lower. In radio-controlled (RC) aircrafts, the motor operating voltage is commonly rated in the multiple of 3.7 V, same as the output voltage for a single cell Lithium-polymer (LiPo) battery. In the MAV design, since majority of the components can be powered by voltage as low as 3.3 V, a single cell powered motor will be ideal to the design. (2) Current Consumption: As motors are the main power drains for the MAV, the current consumption of the motor directly affects the capacity of the battery needed for the MAV to fly in a specific amount of time. (3) Weight: Four motors contribute four times its weight to the MAV system, and thus affect the overall weight of the system heavily.
(4) Maximum Thrust Produced: The maximum thrust of four rotors could produce must be at least greater than the overall weight of the MAV, for MAV to take-off. Ideally it must be at least 1.5 times the weight of the quadrotor to realize more aggressive maneuver.
Based on the requirements stated above, a 8000 kV single cell brushed DC motor is utilized. Combined with four propellers, two with clockwise and another two with anticlockwise spinning blades, the total weight of a single motor and propeller set is approximately 4 g. The propellers used are made of plastic, 56 mm in length. This propeller is readily available in the market, as it is also used in many hobby-range RC quadrotor such as Walkera QR Ladybird, Hubsan mini Quad, and TRAXXAS QR-1. Test bench experiment has proven that the combination could produce a maximum thrust of 16 g each, which combined is approximately 1.5 times larger than the proposed MAV at 40 g.
Avionic System Design
In order to control and navigate the micro quadrotor UAV, a full onboard system is essential in the UAV design and implementation. A typical avionic system consists of [33] :
(1) An onboard processor to collect data, implement control laws, drive actuators and communicate with ground stations; (2) An IMU to measure the attitudes of the vehicles; (3) A good communication system to provide communication link with ground stations; and (4) Power supply system sufficient to power up the whole UAV for a respectable duration.
Conventionally, for a UAV with higher payload limit, the onboard components, such as microprocessor, IMU, radio receiver, and the servo controller, are usually chosen from the commercially available products [27, 32] . However, in the micro quadrotor design, the placement of these components need to be further optimized to reduce weight. In this section, a single PCB design incorporating the microprocessor, IMU, and motor speed controllers is proposed. The overall system architecture for the PCB design is shown in Fig. 10 .
Microprocessor
In avionics, processor is the crux of the entire system. Within this compact MAV design, the functions of the processor include: (1) collecting data from IMU sensor via serial port; (2) receiving command from the receiver in the form of pulse position modulation (PPM) signal; (3) decoding and analyzing data; (4) implementing flight control algorithms; (5) forwarding control signals in the form of pulse width modulation (PWM) signal to ESC; and (6) sending logged data to the logger via the serial port.
In order to perform the above tasks, ATmega328P (see Fig. 11 ), a high performance Atmel 8-bit AVR RISC-based microcontroller is selected due to the presence of the following characteristics: (1) availability of various ports, such as UART, SPI and PWM ports; (2) low power consumption; and (3) programming convenience. Key parameters of ATmega328P are listed in Table 7 while the time taken to accomplish the tasks stated above is shown in Fig. 12 . Multiple tests were conducted to ensure ATmega328P microcontroller is capable of running the software and perform the tasks above within 5 ms. Thus, the control loop running in the software is user-configurable up to 200 Hz, depending on the update frequency of the IMU sensor.
Inertial measurement unit
IMU is an indispensable sensor to all autonomous aerial vehicles. It is attached to the aircraft to provide vital However, IMU does not necessarily need to provide angular measurement of the aircraft as it can be estimated using an extended Kalman filter (EKF) [15] or complimentary filtering. The primary disadvantage of these filters is -they are computationally intensive, which add extra burden on the onboard AVR microprocessor. One of the solutions is to select a small, light yet powerful IMU with in-built EKF algorithm. The VN-100 SMD ( Fig. 13 ) from VectorNAV is selected as the onboard IMU. It is light weight (3 g) and miniature (24 Â 22 Â 3 mm) high performance IMU with Attitude Heading Reference System (AHRS). It is also built-in with 3-axis accelerometers, 3-axis gyros, 3-axis magnetic sensors as well as a 32-bit processor to compute and output a realtime plus drift-free 3D orientation solution.
Apart from that, VN-100 SMD chip also comprises a quaternion-based drift compensated Kalman filter operating with full 32-bit floating point precision by utilizing the on board 32-bit processor, which updates at 300 Hz according to the data provided. It also provides both raw and corrected sensor measurements as well as the estimated angles at 200 Hz. Important specifications of VN-100 SMD chip is shown in Table 8 .
Brushed electronic speed controller
ESC is the fundamental component for each brushed motor used in rotorcraft's design. The purpose of ESC is to convert PWM signal to analog signal, the waveform accepted as the input of the motor. MOSFET is used to boost the current of the analog signal such that it drives the motor directly from the power supply. In this ESC design, four 8 pins processors ATtiny13A (Fig. 14) are utilized as individual ESC to the motors. Four MOSFET chips are incorporated in the PCB as well.
Radio-frequency receiver
Typically in RC flights, a radio-frequency (RF) receiver is used to receive and decode RF signals sent from a transmitter controlled by a ground pilot. Receiver is not a requisite in a fully autonomous flight control system as no remote pilot is required. However, most of the UAV designs today retain the receiver component for failsafe purposes, where the ground pilot has higher authority to remotely control the UAV during emergencies, for example controller failures.
In this quadrotor MAV design, the receiver is implemented for a different objective. Apart from being able to receive control signal from a remote pilot, the receiver is used to receive control signals from a ground station in autonomous mode. It is effective especially operating in indoor environment with the aid of Vicon motion technology where the system measures the position and velocity of the MAV. Next, the Vicon system will transmit the control signals or the measurement values to the aircrafts onboard CPU via the transmitter-receiver link.
This communication link can be realized using PCTx cable, a product by Endurance R/C. The PCTx cable connects the ground station (desktop or laptop) to the transmitter which transmits the RF signal wirelessly to the onboard receiver. PPM signal is sent to the onboard CPU for processing upon receiving the signals from the ground station. The Rx31d manufactured by DelTang is selected for system integration due to its ultra tiny package of 10 Â 10 mm with 0.21 g (see Fig. 15 ). It is capable of providing up to seven channels of PPM signals. 
Data logger
Important flight data such as state variables of an UAV are recorded for post flight observation and analysis, thus requiring a data logger. In order to fit into this MAV design, the data logger needs to be small, light and reliable to carry out this task. An open source data logger from Sparkfun OpenLog (see Fig. 16 ) is utilized for this purpose. OpenLog weighs only 1.70 g and fits perfectly into the MAV design. It starts logging any serial data up to 115,200 baud rate to the micro SD card upon powered up. In addition, Sparkfun provides OpenLog firmware and design files which can be redesigned into the main PCB of the MAV.
Power supply
The main consideration in designing the power supply is to meet the overall system and flight duration requirements. The choice of power supply is important as it usually constitutes approximately 30% of the overall weight of the MAV, and the power needed to lift the MAV will be increased due to its own weight. As all onboard components can be powered up with 3.3 V, a single cell LiPo battery with current capacity of 360 mAh is utilized to power the avionics and to drive the motors (see Fig. 17 ). A 3.3 V regulator is included to provide a clean voltage to the components, as a single cell LiPo battery has output vary from 4.2 V when fully charged to lower than 3.4 V when it is used up. The battery is as light as 10 g and is able to provide enough energy for an 8-min flight duration.
PCB layout design
In this subsection, the design process of the PCB for the avionic system of the micro quadrotor UAV will be described in detail. Among the five components to be included to the avionic system, the IMU, flight control CPU and four ESCs will be incorporated into the design, while the receiver and the logger will be attached to the designed PCB. A general guideline to design avionics PCB for quadrotor MAV using Altium Designer is as follows:
(1) Schematic design -A schematic diagram of the design must be drawn in Altium Designer with all the components needed, i.e., one ATmega328P, one VN-100 SMD, four ATtiny13As, and four MOSFETs. Also, four status indication LEDs are introduced to the design, with one of them connected directly to the power supply as the power indicator, while the rest of them connected to the general output port of the flight control CPU for user configurable purposes. As all these components can be powered up with 3.3 V, a voltage regulator with 3.3 V output is included. Connections between each of the components can be viewed in the schematics of ESC (see Fig. 18 ) and the microprocessor (see Fig. 19 ). (2) Layout assignment -The layout of the components on the PCB is important as to reduce the electromagnetic interference between the components. To satisfy the dimension and weight constraints, a maximum of 4 Â 4 cm PCB layout is imposed. The first component to be placed on the PCB is VN-100 SMD, as it must be placed in the middle of the design to be as close to the CG as possible. Its orientation is also an important issue to care of, as the x-axis of the component must be pointed to the front. Next, the flight control CPU, ATmega328P is placed in the middle of the opposite side of the PCB, while the four ESCs (one ATtiny13A and one MOSFET each) are placed at the four corner of the same side. Lastly, the four LEDs are placed beside the VN-100 SMD so that they are clearly visible to the user during flight. (3) Routing -The final step of designing PCB is the routing to connect each component according to the connection assigned in the schematic phase. Note that the default distance measurement in Altium Designer is in unit mil (one-thousandth of an inch). The nonmain power routing is set to have a width of 10 mil, while the main power routing (3.7 V directly from power supply) is set to be 30 mil width to allow higher flow of current. The routing could be easily done (see Fig. 20 ) in a 2-layer-PCB setup.
Once the design is done, it can be sent to PCB manufacturer to fabricate. With PCB thickness of 1 mm, the fabricated product is approximately 7 g including all components, within the dimension of 40 Â 40 Â 1 mm. Table 9 details the total parts in the design of the micro quadrotor UAV, with specific weight budget assigned to each of them, together with the real weight of the manufactured components.
Mathematical Modeling of Micro Quadrotor UAV
To further understand the quadrotor system, a mathematical model of the system has to be derived. In literature, researchers from University of Pennsylvania have proven that a quadrotor system is a differential flat system, where the states and the inputs can be written as algebraic functions of four carefully selected flat outputs and their derivatives [22] . With this definition, the quadrotor model can be approximated as a double integrators linear system. However, in order to study the behavior of the quadrotor in aggressive maneuvering, a nonlinear quadrotor model will be needed. Nonlinear quadrotor UAV model has been developed and revised by many researchers in the last decade [4, 29] . A major difference between the derived models from different researchers is the assignment of initial frame and body frame. Regarding frame assignments, this project follows a standard assignment of ground frame and body frame adopted by NUS UAV Research Group [5] .
In this convention, the ground frame, also called NorthEast-Down (NED) frame, has its x-axis pointed to North, y-axis to East, and z-axis pointing downward into the ground. The origin of NED frame is fixed relative to the ground, at where the UAV powered up. As for the body frame, the origin of the frame will be located at the CG of the UAV, with x-axis pointing forward, y-axis pointing to the right, and z-axis pointing downwards of the UAV. Note that this body frame is fixed on the aircraft fuselage and will rotate and translate along with it.
With this frame convention, the derivation of the nonlinear mathematical model of the micro quadrotor UAV will be shown in the next subsections.
Overview
The overview of the nonlinear model of micro quadrotor UAV is shown in Fig. 21 . Inputs to the quadrotor, n , shown on the left of the block diagrams, are the normalized PWM control signals sent from the microprocessor. Outputs of the model are the linear velocities u; v; w, linear positions x; y; z, Euler angles ; ; , and angular velocities p; q; r shown on the right of the block diagram. Common symbols and variables to be used in the derivation are listed in the Nomenclature. Note that in the following derivation, the micro quadrotor has the cross configuration, with rotor numbers 1, 2, 3, 4 and basic working principle indicated in Fig. 22 .
Kinematics and rigid-body dynamics
The translational and rotation motions between the NED and the body frame can be related with two well-known navigation equations [5] 
where the rotational matrix, R n=b , and the lumped transformation matrix, S À1 are given by formalism as
where F and M are the force and moment vectors acting on the body. As the designed quadrotor is four way symmetrical, the inertia matrix of the micro quadrotor, J, is assumed to be diagonal, i.e., 
Forces and moments generation
Forces and moments generated by the aircraft contributed to its movement. They are generally generated by four different sources, i.e., the gravitational force, the rotors thrust and moment, its reaction torques, and the gyroscopic effects [3, 12] . Although the latter two have little significance on the overall forces and moments, they are included to provide a more complete model.
Gravitational force and rotor movements
Gravitational force and rotor movements contributed most of the overall forces and torques of the UAV. As the gravitational force acts only on the z-axis of the NED frame, by transforming it to the body frame, we have 
On the other hand, each of the rotating rotor creates a thrust, T n , and a torque, Q n , for n ¼ 1; 2; 3; 4 along its axis. From the aerodynamics consideration, the thrust and torques produced can be modeled as
where C T and C Q are the aerodynamic coefficients of the propeller, is the density of the air, A and r are the disc area swept by the rotating rotor and the radius of the rotor blade. Here, if we assume that the aerodynamic coefficients is a constant, which is generally the case when the collective pitch angle of the blade is fixed, the force and torque equations can be simplified to
where k T and k Q can be obtained easily through some experiments. With this simplification, the total thrusts of the micro quadrotor can be formulated as the summation of four individual thrust of the motors, i.e.,
Note that the thrusts are pointing upwards, which is in the negative z-direction in our coordinate system. Next, pitch and roll moments will be generated by the thrust difference of the opposing rotors, with roll moment is contributed by thrust difference between rotor 2-3 and rotor 1-4 at x-axis, and pitch moment between rotor 1-2 and rotor 3-4 at y-axis. Lastly, yaw moment is generated based on the total moment of each rotors at z-axis. The moment vector will then be : ð13Þ Fig. 22 . Pitching, rolling and yawing for micro quadrotor UAV.
Reaction torques
Inertia counter torque, which is the reaction torque produced by the change in rotational speed of the rotor, is modeled as
Gyroscopic effects
Gyroscopic moments, caused by the combination of rotations of four propellers and the aircraft's body are commonly modeled as
where J r is the total rotational moment of inertia around the propeller axis.
Motor dynamics
A standard DC motor is usually a 2nd-order system, with one order contributed by the electrical dynamics, and another contributed by the mechanical dynamics. In most of the DC motor system, the electrical dynamics is much faster than the mechanical counterpart, and therefore we can approximate the motor dynamics as a first-order system, where its parameters, i.e., the steady state gain, k m , and time constant, m can be obtained experimentally. In frequency domain,
and in time domain,
where Ã n is the normalized input value right when the motor starts spinning. Note that in Eqs. (17) and (18), n is the normalized input to the motor speed controller, with the following normalization process,
where u n is the PWM pulse width fed to the ESC in unit s. In general, the minimum and maximum possible pulse widths to the ESC are at 1100 s and 1940 s, respectively.
Parameters identification and verification
Based on the model derived in the previous subsections, several parameters are to be identified with methods of direct measurement, software approximation and test bench experiments. Table 10 shows the parameters to be identified and its physical meaning.
Direct measurements
Some parameters can be directly measured by a weighing balance and ruler, as follows:
where m is the gross weight and l is the beam length. The gravitational acceleration can be calculated given the latitude of Singapore as follows,
Software approximations
With the aid of SolidWorks, the tensor and rotating moment of inertia of mechanical parts can be estimated numerically.
With exact density and scale to the real physical parts, the tensor moment of inertia of the quadrotor MAV and the rotating moment of inertia of the propeller are calculated with the mass properties function of SolidWorks: 
Note that J is diagonal as the designed quadrotor structure is highly symmetric.
Test bench experiments
Some aerodynamic parameters need to be measured and calculated by bench experiment instead of direct measurement. These parameters include the thrust coefficient, torque coefficient, as well as the motor dynamic parameters. A lever-balance setup is realized to measure the thrust coefficient of the rotor. A customized miniature infrared RPM reader is used to measure the time interval between two adjacent cutting of the propeller, where the real-time angular velocities can be calculated. With the values read from the weighing scale for a few different input voltage to the motor, the corresponding thrust produced is obtained and plotted against its angular speed square, as shown in Fig. 23 . Thrust coefficient k T can then be approximated as the gradient of the trend line. Similarly, the torque coefficient of the rotor can also be measured by a similar setup. Figure 24 illustrates the relationship between the rotational speed of the motor and the torque produced. The thrust and the torque coefficients are obtained as follows:
Parameter identification of brushed motor dynamics is also conducted with the similar setup. Constant input of several different values is fed to the motor, and the resultant angular speeds of the rotor are recorded. In Fig. 25 , the asterisk data points show the experiment results of angular speed against input value and the straight line shows the trend based on the assumption that the motor steady state velocity is proportional to the input value at the motor operating point (while the UAV is at hover condition). Thus, the steady state gain k m can be extracted. As the transient property of the motor can be described as a first-order process, the average time constant m is estimated from the transient response of a step input to the motor. They are Table 11 summarizes the parameters identified in the above sections.
MAV Control
Upon obtaining the mathematical model of the aircraft, a simple yet reliable PID controller is designed and simulated with the aid of Simulink in MATLAB.
Generally, the dynamics of a quadrotor without orientation stabilizer is too fast even for a skilled man pilot. The fast dynamic is contributed by the roll and pitch movements, while the yaw movement exhibits a much slower dynamic.
In this section, an orientation controller is described and implemented to achieve attitude stability of the micro quadrotor UAV. The controller is first designed in Simulink and MATLAB onto the mathematical system derived and estimated in the previous section. Upon obtaining a satisfying control response in simulation, the controller is then realized in the micro quadrotor hardware. The mathematical model is then verified with sinusoidal perturbation inputs.
Software simulation
In the initial stage of the PID gains tuning, the controller is first designed in simulation by adopting the Ziegler-Nichols method, as shown in the steps below:
(1) Set both derivative (K d ) and integrative (K i ) gain to zero, tune proportional gain (K p ) such that simulation results shows sustained oscillation on all Euler angles.
(2) Record the ultimate proportional gain (K u ) and the oscillation period (T u ). (3) Adjust PID gains based on classical Zeigler-Nichols PID tuning method, as shown in Table 12 .
Simulated result in Fig. 26 has shown a stable quadrotor system, with all the Euler angles and angular rates signals are attenuated to zero within 5 s. This set of PID gains will later be used as an initial values to apply to the real quadrotor system. It should be noted that the simulation is carried out at the theoretical trim values of the PWM inputs, which is at 1500 s.
Hardware realization
Once a reasonable simulation result is obtained, the PID controllers are realized in the MAV hardware. The controllers on yaw, pitch and roll angles are first tested separately on a single axis setup, where the quadrotor MAV is able to rotate at only one axis, for example, the y-axis (pitch). The same PID controller designed in the simulation was implemented to the system, followed by further finetuning of the gains, axis by axis. After the tuning process, a set of PID gains for each axis in which the aircraft is able to stabilize horizontally on this setup was obtained, as shown in Table 13 . Table 12 . Zielger-Nichols PID tuning method. Next, the PID controller is realized in the manufactured quadrotor MAV codenamed KayLion (Fig. 27) . Flight tests are carried out to test the endurance of the vehicle, and to verify the mathematical model derived in the previous section.
In particular, chirp-like oscillating inputs are sent to the MAV system, while its Euler angles and angular rates responses are recorded in the onboard logger. A chirp-like input is an oscillating signal sent to the quadrotor with varied frequency. The angular response of the quadrotor corresponds to this frequency band is recorded to build a complete frequency response of the system. It is then compared to the simulated responses by using the exact inputs to the simulator. Figure 28 shows the perturbation signal on elevator channel to the MAV, while Fig. 29 shows the responses of the system in pitch direction plotted together with the simulated results. Besides some random low amplitude oscillations caused by the disturbances from the air movement, the responses match fairly well. The roll response is assumed to be similar to the pitch response, as the quadrotor MAV is four way symmetrical.
In the other flight test, a chirp-like signal was injected to the throttle channel of the quadrotor MAV, resulting in agitated heave movement. In this experiment, a Vicon motion tracking system is used to measure the position of the quadrotor with reference to the start up origin. A more detailed description of this Vicon system will be shown in the next subsection.
With the measured z-position, the corresponding velocity respond will be computed. Both the input signals and computed z-axis velocity are logged and plotted in Figs. 30 and 31. In the latter figure, it can be seen that the derived mathematical model on heave movement matches well with the experimental data to a certain perturbation frequency, which is approximately 1 Hz. The quadrotor MAV was unable to respond to the perturbation signal above this frequency, as it can be observed with naked eyes during the flight tests.
Full six degree of freedoms autonomous control
A full autonomous MAV control, including three-degree orientation control and three-degree translational control, is realized in the presence of Vicon motion tracking system. In this system, several infrared cameras are installed around the flyable area of the closed room, where they are used to detect reflective markers mounted on the aircraft fuselage. The system then estimate the orientation and position of the aircraft, based on the estimated positions of the reflective markers. In the NUS Vicon setup, 10 cameras are used to provide up to 0.1 mm accuracy of the estimated position of the markers. The position information is then sent up to the quadrotor MAV for further processing to realize position control and trajectory tracking. Figure 32 shows the 6 Â 6 m coverage area in the Vicon motion tracking system in NUS.
The quadrotor is commanded to track a square path with 3.6 m side length. The orientation of the quadrotor was stabilized with a linear quadratic regulator (LQR) controller, while the position control of the MAV is realized in PID control structure. The position response of the autonomous system is shown in Fig. 33 . The MAV is able to track the xand y-positions fairly well, while remains AE3 cm error on the z-position. This difference is due to the dynamics of the difference channel, as the x-and y-channels dynamics are much higher than the z-channel's, and thus more prone to surrounding noise. 
Conclusion and Future Works
This paper has shown a general guideline to systematically design a micro quadrotor UAV, which has a gross weight of about 40 g. The design procedure is divided into three major sections. First, FEA is carried out to obtain a suitable dimension and shape of the carbon fiber beams as the main structure of the UAV. A sectional conclusion was made based on the analysis results and the weight constrain on the quadrotor body, that the square (or round) hollow beam of carbon fiber is the most weight optimum shape for quadrotor arms design. It appears to be the stiffest among other shape candidates of similar weight category.
Next, the avionic system of the micro quadrotor UAV is discussed in detail. An all-in-one PCB which include sensors, microprocessors and four ESCs is proposed and carefully designed in order to fit the application of our micro quadrotor UAV under the weight constraint. The designed system included a powerful light weight AHRS, VN-100 from VectorNAV, directly soldered on the board. The design is verified and debugged, then outsourced for fabricating. The whole avionic system is less than 8 g, which is a milestone where no other commercially available products could reach.
In the next section, a nonlinear mathematic model of the micro quadrotor is derived, based on Newton-Euler formalism. Method of identifying each parameters is also mentioned. This model has been verified to be quite accurately representing the quadrotor MAV. Autonomous flight tests video demonstration can be viewed on the NUS UAV YouTube channel, or http://youtube/uoPoGdOVWfs.
The micro quadrotor UAV will serve as a good platform to implement and realize control algorithms. Advanced model-based controller such as LQR and H-infinity controllers can be designed and implemented as the fairly accurate mathematical model and the micro quadrotor hardware are both readily available. A vision subsystem can also be included to the avionics of the MAV, to realize applications such as search and rescue, and indoor surveillance. 
